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ScienceDirect
7KH6HFRQG&,53&RQIHUHQFHRQ%LRPDQXIDFWXULQJ
(OHFWURVSLQQLQJRISRO\FDSURODFWRQHIRUVFDIIROGPDQXIDFWXULQJ
H[SHULPHQWDOLQYHVWLJDWLRQRQWKHSURFHVVSDUDPHWHUVLQIOXHQFH
3*LQHVWUDD(&HUHWWLD$)LRUHQWLQRD
D'HSWRI0HFKDQLFDODQG,QGXVWULDO(QJLQHHULQJ8QLYHUVLW\RI%UHVFLD±9%UDQ]H%UHVFLD,WDO\

&RUUHVSRQGLQJDXWKRU7HO(PDLODGGUHVVSJLQHVWUD#LQJXQLEVLW
Abstract 
7KH WHUP ³WLVVXH HQJLQHHULQJ´ UHIHUV WR DSSOLFDWLRQV UHODWHG ZLWK WKH UHSDLU RU UHSODFHPHQW RI SRUWLRQV RU ZKROH WLVVXH
LHERQHFDUWLODJHEORRGYHVVHOVVNLQPXVFOHHWF2IWHQWKHWLVVXHVLQYROYHGUHTXLUHFHUWDLQPHFKDQLFDODQGVWUXFWXUDOSURSHUWLHVIRUWKHLU
SURSHU IXQFWLRQLQJ 7KLV OHDGV WR WKUHHGLPHQVLRQDO VFDIIROGV IDEULFDWLRQ WR VXSSRUW FHOOXODU LQJURZWK DQG SUROLIHUDWLRQ 6FDIIROGV KDYLQJ
WDLORUHG ELRPLPHWLF DFURVV PXOWLSOH VFDOHV JHRPHWULHV KDYH EHFRPH LPSRUWDQW 9DULRXV WHFKQRORJLHV FRPH WRJHWKHU WR FRQVWUXFW SRURXV
VFDIIROGV WR UHJHQHUDWH WKH WLVVXHV DQG DOVR IRU FRQWUROOHG DQG WDUJHWHG UHOHDVH RI ELRDFWLYH DJHQWV LQ WLVVXH HQJLQHHULQJ DSSOLFDWLRQV 7KH
REMHFWLYH RI WKH SUHVHQW ZRUN LV WR SURGXFH SRURXV SRO\PHULF VFDIIROGV PDGH RI 3RO\ İ&DSURODFWRQH 3&/ E\ HOHFWURVSLQQLQJ
(OHFWURVSLQQLQJ LV D SURFHVV ZKHUHE\ XOWUDILQH ILEHUV DUH IRUPHG LQ D KLJKYROWDJH HOHFWURVWDWLF ILHOG 7KH HOHFWURVSXQ VWUXFWXUH KDV D
PRUSKRORJ\VLPLODUWRWKHH[WUDFHOOXODUPDWUL[(&0RIQDWXUDOWLVVXHZKLFKLVFKDUDFWHUL]HGE\DZLGHUDQJHRISRUHGLDPHWHUVGLVWULEXWLRQ
KLJK SRURVLW\ DQG HIIHFWLYH PHFKDQLFDO SURSHUWLHV DQG LV FDSDEOH RI VXSSRUWLQJ FHOOV DWWDFKPHQW DQG SUROLIHUDWLRQ 7KH HIIHFWV RI SURFHVV
YDULDEOHVVXFKDVYROWDJHVROXWLRQFRQFHQWUDWLRQDQGGHSRVLWLRQGLVWDQFHRQWKHVWUXFWXUHKDYHEHHQVWXGLHG$FRPELQDWLRQRIHORQJDWHGEHDGV
DQG ILEHUV NQRZQ DV WKH EHDGRQVWULQJPRUSKRORJ\ LV DOVR REVHUYHG XQGHU PDQ\ FRQGLWLRQV 7KH ILEURXV VWUXFWXUH LV VWDELOL]HG DW KLJK
FRQFHQWUDWLRQV DQGYROWDJHV7KH IXQFWLRQDO FRPSOH[LW\RI HOHFWURVSXQ VFDIIROGVSURYLGHV VLJQLILFDQW DGYDQWDJHVRYHURWKHU WHFKQLTXHV 7KH
ZLGH UDQJHRI VWUXFWXUDO FKDUDFWHULVWLFV WKDWPD\EHREWDLQHG LQ DQ HOHFWURVSXQSRO\PHUPDNHV LW VXLWDEOH IRUPDQ\ELRPHGLFDO DSSOLFDWLRQV
LQFOXGLQJPHGLFDO WH[WLOHVGUXJGHOLYHU\PHPEUDQHVHSDUDWLRQDQGRUJDQUHJHQHUDWLRQ+RZHYHU LPSURYHPHQWVDUHUHTXLUHGEHIRUHRSWLPDO
XWLOL]DWLRQLQYLYREHFRPHVURXWLQH,PSURYHGGHSRVLWLRQHIILFLHQF\LVQHFHVVDU\WRPDLQWDLQWKHDWWUDFWLYHQHVVRIWKLVWHFKQLTXH

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHVFLHQWLILFFRPPLWWHHRI7KH6HFRQG&,53&RQIHUHQFHRQ%LRPDQXIDFWXULQJ
.H\ZRUGVHOHFWURVSLQQLQJSRO\FDSURODFWRQHVFDIIROGVWLVVXHHQJLQHHULQJ
1. Introduction 
7KH ILHOGRI WLVVXHHQJLQHHULQJKDVDGYDQFHGGUDPDWLFDOO\
LQ WKH ODVW  \HDUV RIIHULQJ WKH SRWHQWLDO IRU UHJHQHUDWLQJ
DOPRVW HYHU\ WLVVXH DQG RUJDQ RI WKH KXPDQ ERG\ 7LVVXH
HQJLQHHULQJ DQG UHJHQHUDWLYH PHGLFLQH UHPDLQ DQ DUHD RI
UHVHDUFKZLWKSRWHQWLDOQHZWUHDWPHQWVIRUPDQ\PRUHGLVHDVH
VWDWHV7LVVXHHQJLQHHULQJDLPVQRWRQO\WRUHVWRUHEXWDOVRWR
LPSURYH WLVVXH IXQFWLRQV WKDWDUHGHIHFWLYHRUKDYHEHHQ ORVW
E\GLIIHUHQWSDWKRORJLFDOFRQGLWLRQVDQGKDVWREHPDLQWDLQHG
HLWKHU E\ GHYHORSLQJ ELRORJLFDO VXEVWLWXWHV RU E\
UHFRQVWUXFWLQJ WLVVXHV 7KH PRVW LPSRUWDQW VWUDWHJLHV WR
SURGXFH ELRORJLFDO VXEVWLWXWHV DQG RYHUFRPH FRQYHQWLRQDO
FOLQLFDO WUHDWPHQW OLPLWDWLRQV DUH LPSODQWDWLRQ RI LVRODWHG
FHOOV LQWR WKH RUJDQLVP GHOLYHULQJ RI WLVVXH SURPRWLQJ
VXEVWDQFHV VXFK DV JURZWK IDFWRUV DQG SODFLQJ FHOOV RQ
DQGRU ZLWKLQ GLIIHUHQW PDWULFHV >@ 7KH ODVW RQH LV WKH
SULQFLSDOPHWKRGDVVRFLDWHGZLWK WLVVXHHQJLQHHULQJHQDEOLQJ
JURZLQJWKHUHOHYDQWFHOOVLQYLWURWRIRUPWKHUHTXLUHGWLVVXH
RU RUJDQ EHIRUH LPSODQWLQJ LQWR WKH ERG\ ,Q RUGHU WR
DFFRPSOLVK WKLV JRDO WKH FHOOV PXVW DWWDFK WR D WKUHH
GLPHQVLRQDO'VXEVWUDWHNQRZQDVDVFDIIROG$WHPSRUDU\
WKUHHGLPHQVLRQDO ELRGHJUDGDEOH VFDIIROG WKDW PLPLFV WKH
SK\VLRORJLFDO IXQFWLRQV RI WKH QDWLYH H[WUD FHOOXODU PDWUL[
(&0 LVXVHG WRSURPRWHFHOOSUROLIHUDWLRQDQGFHOOVSHFLILF
PDWUL[SURGXFWLRQ>@7KHUHIRUHDQHQJLQHHUHGPDWFKRIWKH
SURSHUWLHVRI D VFDIIROGZLWKPHFKDQLFDO UHTXLUHPHQWVRI WKH
WDUJHW RUJDQ LV QHHGHG WR SURPRWH DSSURSULDWH OHYHOV RI
ELRORJLFDO DFWLYLW\ 6FDIIROGV PXVW DOVR FRQVLGHU PXOWLSOH
KLHUDUFKLFDOVFDOHVIURPWKHPLFURVFRSLFWRWKHPDFURVFRSLF
SUHVHUYLQJPHGLXPDQG VKRUWWHUPELRORJLFDO SKHQRPHQD ,Q
WKH ODVW GHFDGH YDULRXV IDEULFDWLRQPHWKRGV IRU FRQVWUXFWLRQ
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RI WKUHHGLPHQVLRQDO ELRPLPHWLF VFDIIROGV LQFOXGLQJ
HOHFWURVSLQQLQJ SKDVHVHSDUDWLRQ IUHH]H GU\LQJ DQG VHOI
DVVHPEO\KDYH EHHQ GHYHORSHG >@ 7KDQNV WR WKHVH
WHFKQLTXHVVFDIIROGVFDQPLPLFWKHDUFKLWHFWXUHRIWKHQDWLYH
H[WUDFHOOXODU PDWUL[ DW WKH QDQRVFDOH OHYHO ZKLFK JHQHUDWHV
WKH LQLWLDO VWHS IRU UHJHQHUDWLRQ RI QHZ WLVVXH %LRORJLFDO
VFDIIROGV FDQ GHULYH IURP KXPDQ RU DQLPDO WLVVXHV DQG LQ
FDVH RI V\QWKHWLF VFDIIROGV IURP SRO\PHUV 7KH ILUVW
ELRORJLFDOO\ DFWLYH VFDIIROG ZDV V\QWKHVL]HG LQ  LWV
GHJUDGDWLRQ EHKDYLRU DV ZHOO DV LWV WKURPERUHVLVWDQW
EHKDYLRULQ YLWURZHUH GHVFULEHG >@ 7KH SULQFLSOHV IRU
V\QWKHVL]LQJ D ELRORJLFDOO\ DFWLYH VFDIIROG LQFOXGLQJ WKH
FULWLFDOLPSRUWDQFHRIWKHGHJUDGDWLRQUDWHZHUHH[SODLQHGLQ
 >@ 7KH ILUVW H[SHULPHQWV LQYROYHG DQ LQGXFHG
UHJHQHUDWLRQRIGHUPD WLVVXHE\DQDQLPDO VFDIIROG>@DQGD
UHJHQHUDWLRQ RI D SHULSKHUDO QHUYH VWDUWLQJ IURP D JDS RI
XQFOHDU OHQJWK >@ &RQWHPSRUDU\ FRQFHSW RI VFDIIROGLQJ LQ
WLVVXHHQJLQHHULQJLVWRPLPLFWKHIXQFWLRQVRIQDWLYH(&0DW
OHDVW SDUWLDOO\ 6FDIIROGV DUH GHILQHG DV WKUHHGLPHQVLRQDO
SRURXV VROLG ELRPDWHULDOV GHVLJQHG WR VXSSRUW VRPH NH\
IXQFWLRQVDQGIHDWXUHV>@
x $UFKLWHFWXUHDQGPHFKDQLFDOSURSHUWLHVYRLGYROXPH
SUHVHQFHIRUYDVFXODUL]DWLRQDQGUHJXODWRU\IDFWRU
WUDQVSRUWQHZWLVVXHIRUPDWLRQDQGUHPRGHOLQJSURYLGLQJ
PHFKDQLFDODQGVKDSHVWDELOLW\ZLWKDFRQWUROOHG
ELRGHJUDGDWLRQUDWHWKDWDSSUR[LPDWHVWKHUDWHRIWLVVXH
UHJHQHUDWLRQ
x &\WRDQGWLVVXHFRPSDWLELOLW\DQGELRDFWLYLW\
FRPSDWLELOLW\ZLWKDOORORJRXVRUDXWRORJRXVFHOOVWR
VXSSRUWWKHLUDWWDFKPHQWJURZWKDQGGLIIHUHQWLDWLRQZLWKD
PLQLPDOGHJUHHRILQIODPPDWLRQDQGWR[LFLW\

'HYHORSLQJVFDIIROGVZLWKRSWLPDOFKDUDFWHULVWLFV VXFKDV
VWUHQJWK UDWHRIGHJUDGDWLRQSRURVLW\DQGPLFURVWUXFWXUHDV
ZHOODVVKDSHVDQGVL]HVLVPRUHSUHGLFWDEOHDQGUHSURGXFLEO\
FRQWUROOHGLQSRO\PHULFVFDIIROGV>@
(OHFWURVSLQQLQJ LV D WHFKQLTXH ZKHUH KLJK YROWDJHV DUH
DSSOLHGWRDSRO\PHUVROXWLRQWRSURGXFHSRURXVVWUXFWXUHVRI
YDU\LQJ PRUSKRORJLHV >@ 7KLV PHWKRG SURYLGHV WKH
FDSDELOLW\RILQWHJUDWLQJYDULRXVW\SHVRISRO\PHUVILEHUVDQG
SDUWLFOHVWRSURGXFHXQLTXHSRURXVPDWHULDOVZLWKDVWUXFWXUDO
VFDOH RI WKH RUGHU RI QP 1RZDGD\V WKHUH DUH RYHU 
V\QWKHWLF RU QDWXUDO SRO\PHUV ZKLFK KDYH EHHQ HOHFWURVSXQ
DQGVLJQLILFDQWDGYDQFHVKDYHEHHQPDGHLQWKHSURGXFWLRQRI
VFDIIROGVIRUELRPHGLFDODSSOLFDWLRQV>@7KHSUHVHQWSDSHULV
LQWHQGHG WR LOOXVWUDWH SRURXV VFDIIROG SURGXFWLRQ E\
HOHFWURVSLQQLQJ RI SRO\İFDSURODFWRQH 3&/
VHP\FULVWDOOLQH SRO\HVWHU WKDW KDV EHHQZLGHO\ XVHG RYHU WKH
SDVW GHFDGH IRU ORQJ WHUP DSSOLFDWLRQV GXH WR LWV VORZ
ELRGHJUDGDWLRQUDWH
2. PCL electrospinning process 
&RPSDUHG WR RWKHU DOLSKDWLF OLQHDU SRO\HVWHUV VXFK DV
SRO\JO\FROLFDFLG3*$DQGSRO\ODFWLFDFLG3/$3&/KDV
VRPHGLVWLQFW GLIIHUHQFHV LQSK\VLFDO SURSHUWLHV >@7KH
PHOWLQJ SRLQW RI 3&/ LV VXEVWDQWLDOO\ ORZHU WKDQ3/$3*$
DQGDOOWKHLUYDULDQWVDQGKDVVRPHUKHRORJLFDODQG
YLVFRHODVWLF SURSHUWLHV WKDW DOORZ LW WR EH IRUPHG IURP D
ZLGH UDQJH RI VFDIIROG IDEULFDWLRQ WHFKQRORJLHV >@7KH
GHJUDGDWLRQ PHFKDQLVP LV WKH K\GURO\VLV RI LWV HVWHU
FRQQHFWLRQV LQ SK\VLRORJLFDO FRQGLWLRQV DQG WKH
ELRGHJUDGDWLRQUDWHWDNHVDURXQGWKUHH\HDUV)RUWKLVUHDVRQLW
LV D JRRG VROXWLRQ IRU ORQJ WHUPV LPSODQWDEOH GHYLFHV 3&/
DQG LWV FRSRO\PHUV KDYH GHPRQVWUDWHG WKLV XWLOLW\ E\ EHLQJ
VXFFHVVIXOO\ XVHG LQ HOHFWURVSLQQLQJ SKDVH VHSDUDWLRQ DQG
VROLG IUHHIRUP IDEULFDWLRQ >@ GXH WR WKH ORZ PHOWLQJ
WHPSHUDWXUH YHU\ JRRG EOHQGFRPSDWLELOLW\ )'$ DSSURYDO
DQGORZFRVW
+XQGUHGV RI GLIIHUHQW QDWXUDO DQG V\QWKHWLF FRPSRVLWLRQV
KDYHEHHQHOHFWURVSXQLQWRWKLQILEHUVVLQFH
:KLOH WKH HOHFWURVSLQQLQJ SURFHVV LV PRUH WKDQ  \HDUV
ROG WKH FRQFHSW RI HOHFWURVSXQ VFDIIROGLQJ IRU ELRPHGLFDO
DSSOLFDWLRQV DSSHDUV WR KDYH ILUVW HPHUJHG LQ  $Q
HODVWRPHULFYDVFXODUSURVWKHVLVZDVUHSRUWHGO\SURGXFHGIURP
SRO\XUHWKDQH HODVWRPHU XWLOL]LQJ HOHFWURVWDWLF VSLQQLQJ E\
$QQLVHWDO>@
(OHFWURVSLQQLQJ LV EDVHG RQ WKH DSSOLFDWLRQ RI DQ
HOHFWURVWDWLF IRUFH WR GULYH ILEHU IRUPDWLRQ LQ WKH QDQR RU
PLFURVFDOH UDQJH >@7KH ILEHUV DUH RIWHQ FROOHFWHG LQ D
QRQZRYHQPHVKFKDUDFWHUL]HGE\KLJKVXUIDFHDUHDXQLWPDVV
$ODUJHIUDFWLRQRIWKHYROXPHRIVXFKQHWZRUNVLVLQWKHIRUP
RILQWHUFRQQHFWHGSRURVLW\
,Q WKH HOHFWURVSLQQLQJ SURFHVV D V\ULQJH SXPS D KLJK
YROWDJHVRXUFHDQGDFROOHFWRUDUHQHHGHG)LJ

)LJ7KHFRPPRQVHWXSDQGZRUNLQJSULQFLSOHRIHOHFWURVSLQQLQJ

)LUVWO\ D YHU\ KLJK YROWDJH LV DSSOLHG WR D FDSLOODU\ WXEH
ILOOHGZLWKDSRO\PHUVROXWLRQZKLFKLVKHOGDW WKHWLSRIWKH
FDSLOODU\ YLD VXUIDFH WHQVLRQ 6HFRQGO\ D PXWXDO FKDUJH
UHSXOVLRQ FDXVHG E\ DSSOLFDWLRQ RI DQ HOHFWULFDO ILHOG LV
LQGXFHGZLWKLQ WKHSRO\PHU VROXWLRQZKLFKGLUHFWO\RSSRVHV
WKH VXUIDFH WHQVLRQ RI WKH SRO\PHU VROXWLRQ :KHQ WKH
LQWHQVLW\ RI WKH HOHFWULFDO ILHOG LV LQFUHDVHG WKH FKDUJH
UHSXOVLRQZLOORYHUFRPHWKHVXUIDFHWHQVLRQWRIRUPDMHW
,QSDUWLFXODU7D\ORU>@LGHQWLILHGDFULWLFDOYROWDJH9FDW
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:KHUH

+ GLVWDQFHEHWZHHQWLSDQGFROOHFWRU
/ OHQJWKRIWKHFDSLOODU\WXEH
5 UDGLXVRIWKHWXEH
Ȗ VXUIDFHWHQVLRQRIWKHVROXWLRQ

$QRWKHU DQDO\WLFDO PRGHO WKDW SUHGLFWV WKH ILQDO ILEHU
GLDPHWHUVZDVGHYHORSHG>@








:KHUH

İ GLHOHFWULFFRQVWDQW
4 IORZUDWH
, FXUUHQWDSSOLHG
O LQLWLDOMHWOHQJWK
G GLDPHWHURIWKHQHHGOH

$IWHU WKH MHW IRUPDWLRQ WKH VROYHQWHYDSRUDWHVDQG ILQDOO\
WKHMHWVROLGLILHVLQWRDILEHUGHSRVLWHGRQWKHFROOHFWRU
$ZLGH UDQJHRIPRUSKRORJLHV DQGSRUH DUFKLWHFWXUHV FDQ
EH REWDLQHG LQ HOHFWURVSXQ SURGXFWV DQG WKHUH DUH VHYHUDO
SURFHVVSDUDPHWHUVWKDWFDQDIIHFWWKHSURFHVV7DEOH>@
7DEOH(IIHFWRISDUDPHWHUVLQHOHFWURVSLQQLQJ
3DUDPHWHU9DULDEOHDIIHFWHG(IIHFW
9ROWDJH )LEHUGLDPHWHU5HGXFWLRQ
6ROYHQWHYDSRUDWLRQ,QFUHDVH
)ORZUDWH )LEHUGLDPHWHU,QFUHDVH
0DWHULDOWUDQVIHUUDWH,QFUHDVH
7LSFROOHFWRUGLVWDQFH)HDVLELOLW\ /RZLQVXIILFLHQW
WLPHIRUHYDSRUDWLRQ
+LJK IRUPDWLRQ RI
EHDGV
&RQFHQWUDWLRQ)HDVLELOLW\ /RZ IRUPDWLRQ RI
EHDGV
+LJKILEHUIRUPDWLRQ
LQWHUUXSWHG
0ROHFXODUZHLJKW)LEHUGLDPHWHU,QFUHDVH

$PLQLPXPGLVWDQFHEHWZHHQWLSDQGFROOHFWRULVQHHGHGWR
DVVXUHVXIILFLHQWWLPHWRGU\WKHILEHUV7KHILEHUDOLJQPHQWLV
GHWHUPLQHGE\WKHW\SHRIXVHGFROOHFWRU WKDWJHQHUDOO\LVDQ
DOXPLQXP VKHHW DQG LWV URWDWLRQ VSHHG ZKHQ DSSOLHG 7KH
PROHFXODU ZHLJKW KDV DQ LPSRUWDQW HIIHFW RQ YLVFRVLW\ DQG
VXUIDFHWHQVLRQ,IDORZYLVFRVLW\VROXWLRQLVXVHGWKHUHLVQR
FRQWLQXRXV ILEHU IRUPDWLRQ RWKHUZLVH ZLWK KLJK YLVFRVLW\ LW
FRXOGEHGLIILFXOW WR HMHFW WKHSRO\PHU VROXWLRQ IURP WKH WLS
)LQDOO\ DPELHQW SDUDPHWHUV VXFK DV KXPLGLW\ WHPSHUDWXUH
HWFFDQLQIOXHQFHWKHSURFHVVDOWKRXJKHDFKHIIHFWLVVWLOOQRW
FOHDU

3. Materials and Method 

7KH H[SHULPHQWDO VHWXS )LJXUH  LV FRPSRVHG RI DQ
LQIXVLRQ SXPS )UHVHQLXV .DEL ,QMHFWRPDW $JLOLD  D
YHUWLFDOVOLGHIRUQHHGOHSRVLWLRQLQJDQGDFRQGXFWLYHSODWH
 XVHG DV EDVH IRU WKH FROOHFWRU $Q KLJK YROWDJH SRZHU
VXSSO\  *DPPD +LJK 9ROWDJH (63: LV FRQQHFWHG
ZLWKWKHQHHGOHDQGWKHFROOHFWRU


)LJ3KRWRJUDSKRIWKHHOHFWURVSLQQLQJDSSDUDWXV,QIXVLRQSXPS
YHUWLFDOVOLGHFRQGXFWLYHSODWHKLJKYROWDJHSRZHUVXSSO\

'XULQJWKHWHVWVDV\ULQJHFRQWDLQLQJWKHSRO\PHUVROXWLRQ
LVPRXQWHGDQGSXVKHGE\WKHSXPS7KLQDOOXPLQXLPVKHHWV
DUHSODFHGRQWKHFROOHFWRU0RUHRYHUWKHDSSDUDWXVLVSODFHG
XQGHU D ODPLQDU IORZ KRRG DQG DQ LQVXODWHG FDVH DYRLGV
DLUIORZVSUHVHQFHLQWKHZRUNLQJDUHD
3RO\İFDSURODFWRQHZLWKDQDYHUDJHPROHFXODUZHLJKWRI
 JPRO ZDV GLVVROYHG LQ *ODFLDO )RUPLF $FLG *)$
7KH VROXWLRQV ZHUH SUHSDUHG LQ EXON FRQGLWLRQ XVLQJ WKH
GLJLWDOKRWSODWHDVDPL[HUDWDPELHQWWHPSHUDWXUH$VROXWLRQ
RI  RI FRQFHQWUDWLRQ RI 3&/ ZDV SRXUHG LQWR D  PO
V\ULQJH W\SLFDOO\ HTXLSSHG ZLWK  JDXJH QHHGOH ,QQHU
GLDPHWHU PP7KHIORZUDWHRIWKHVROXWLRQZDV VHW WR
EH IURP WRPOPLQ:KHQ WKHYROWDJHZDVDSSOLHGD
IOXLGMHWHMHFWHGIURPWKHQHHGOH7HVWZHUHUXQIRUPLQXWHV
HDFK DQG WKHQ VDPSOHV ZHUH REVHUYHG E\ PLFURVFRSH DQG
6FDQQLQJ(OHFWURQ0LFURVFRSH6(0  ,QRUGHU WRVWXG\ WKH
HIIHFWV RI SURFHVVSDUDPHWHUVRQ WKH VWUXFWXUHRI HOHFWURVSXQ
3&/H[SHULPHQWVZHUHFRQGXFWHGXQGHUGLIIHUHQWFRQGLWLRQV
$WILUVWWKHHIIHFWVRIDSSOLHGYROWDJHGHSRVLWLRQGLVWDQFHDQG
VROXWLRQ IORZ UDWH ZHUH H[DPLQHG 7KH GHSRVLWLRQ GLVWDQFH
ZDVPHDVXUHG IURP WKH QHHGOH WLS WR WKH JURXQGHG FROOHFWRU
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WRS 7KH WHVWV ZHUH UHSHDWHG WKUHH WLPHV XQGHU WKH VDPH
FRQGLWLRQV WR FKHFN IRU WKH V\VWHP YDULDELOLW\ EDVHG RQ WKH
GLDPHWHUV RI WKH ILEHUV GHSRVLWHG RQ WKH FROOHFWRU 7ZR
H[SHULPHQWDO FDPSDLJQVZHUH FRQGXFWHG 7DEOH 7KH ILUVW
RQHZDVXVHG WRSUHOLPLQDU\ HYDOXDWH WKHSURFHVVSDUDPHWHUV
WRDGRSW(((DQGWKHVHFRQGRQHZDVXVHGWR
HYDOXDWHWKHVHQVLWLYLW\RIWKHSURFHVVIURPWKHSDUDPHWHUV(
$QDGGLWLRQDOWHVW(ZDVFRQGXFWHGWRHYDOXDWHLI
WKHVROXWLRQGHJUDGDWLRQDIIHFWVILEHUIRUPDWLRQ5HVXOWVZHUH
HYDOXDWHG LQ WHUPV RI SURFHVV IHDVLELOLW\ DQG ILEHU GLDPHWHU
DQGVFDWWHULQJ)'

7DEOH6XPPDU\RIWKHH[SHULPHQWDOWHVWV3UHOLPLQDU\WHVWV(DQG
H[SHULPHQWDOFDPSDLJQ(

4.Results 

3URFHVVFDOLEUDWLRQ

,QWKHILUVWVHWRIH[SHULPHQWV((DQG(JRRG
OD\HUV RI QDQRILEHUV ZHUH QRW REWDLQHG )URP WKH RSWLFDO
PLFURVFRSH LPDJHV WKH SUHOLPLQDU\ WHVWV VHHPHG WR SURGXFH
RQO\GURSOHWVRIVROXWLRQGHSRVLWHGRQ WKHDOOXPLQLXPIRLO ,W
ZDVQRWLFHGWKDWZLWKN9)LJDWKHV\VWHPFRXOGUHDFK
ORZ HOHFWULFLW\ YDOXHV YDU\LQJ IURP WR $ VR N9ZHUH
XVHG LQ WKH IROORZLQJ WHVWV ,Q WKLVFDVH WKHFXUUHQW LV VWDEOH
EXW DJDLQ QR ILEHU LV JHQHUDWHG )LJ E 7KHQ WKH ODVW WHVW
ZDV PDGH E\ LQFUHDVLQJ WKH IORZ UDWH WR  POK EXW RQFH
DJDLQRQO\EHDGVZHUHSURGXFHG)LJF



)LJ2SWLFDOPLFURVFRSHLPDJHVD(E(F(

([SHULPHQWDOWHVWV

,Q WKLV FDPSDLJQ WKH SURFHVV SDUDPHWHUV ZHUH YDULHG
ZLWKLQ UDQJHVFKRVHQDURXQG WKHYDOXHV WHVWHG LQ WKHSURFHVV
FDOLEUDWLRQ FDPSDLJQ ,Q SDUWLFXODU WKH UDQJH RI IORZ UDWH
YROWDJHDQG WLSFROOHFWRUGLVWDQFHZHUHൊPOKൊ
N9 DQG ൊPP UHVSHFWLYHO\ )LJ  6(0DQDO\VLVZHUH
WKHQFRQGXFWHGRQ WKHVDPSOHV WRJHWKLJKUHVROXWLRQ LPDJHV
VR WRPHDVXUH WKHGLPHQVLRQRI WKH ILEHUV)RUHDFK WHVW WKH
GLDPHWHU RI  ILEHUV ZDV PHDVXUHG XVLQJ WKH LPDJH
SURFHVVLQJVRIWZDUH,PDJH->@



)LJ&XEHUHSUHVHQWLQJIHDVLELOLW\]RQH,QUHGWKHH[SHULPHQWVLQZKLFKD
JRRGOD\HURIILEHUVZDVREWDLQHG

,QWKHILUVWH[SHULPHQW(LWZDVLPSRVVLEOHWRREWDLQD
JRRGOD\HURIILEHUV7KH()'QPDQG()'
QP UHVXOWV VKRZHG WKDW D JRRG TXDQWLW\ RI ILEHUV
UHDFKHGWKHFROOHFWRU)LJDEDQGWKHFXUUHQWYDOXHVVWDUWHG
WRVWDELOL]HDURXQG$
,Q( )'QP  DQG ( )'QP D JRRG
OD\HU RI ILEHUV ZDV REWDLQHG DOWKRXJK VRPH GURSOHWV RI
VROXWLRQDSSHDUHGZLWKDIORZUDWHRIPOK)LJFG7KH
ILEHUV VWDUWHG WR GHSRVLW SURSHUO\ RQ WKH FROOHFWRU ZLWK D
YROWDJH KLJKHU WKDQ N9 ZLWK DOPRVW QR GURSOHWV DQG WKH
TXDQWLW\ LQFUHDVHG FKDQJLQJ WKH IORZ UDWH IURP  WR 
POK

)LJ6(0LPDJHV[D(E(F(G(

)LJVKRZVDFRPELQDWLRQRIILEHUVDQGEHDGVREVHUYHGLQ
H[SHULPHQW ( 6XFK VWUXFWXUHV DUH RIWHQ UHIHUUHG WR DV
³EHDGRQVWULQJ´ VWUXFWXUHV DQG DUH JHQHUDOO\ UHODWHG WR WKH
LQVWDELOLW\RIWKHMHWRISRO\PHUVROXWLRQ>@


7HVW 9N9 GPP )5POK 1HHGOH
(    5RPD*
(    5RPD*
(    5RPD*
(    5RPD*
(    5RPD*
(    5RPD*
(    5RPD*
(    5RPD*
(    5RPD*
(    5RPD*
(    5RPD*
(    5RPD*
(    5RPD*
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)LJ6(0LPDJH[RIWKHH[SHULPHQW
7KH VDPH SURFHVV SDUDPHWHUV ZHUH DGRSWHG LQ (  )'
QPZLWK D IUHVK VROXWLRQ )LJD 7KHFRPSDULVRQ
VKRZV WKDW WKH VROXWLRQ GHJUDGDWLRQ VLJQLILFDQWO\ DIIHFWV WKH
UHVXOWV

)LJ6(0LPDJHV[(D(E(F(G

([SHULPHQW()'QPZDVFRQGXFWHGZLWKDQ
KLJKHU WLSFROOHFWRU GLVWDQFH DQG VHHPHG WR JLYH D JRRG
QHWZRUNRI WKLQQHU ILEHUV WRJHWKHUZLWK VRPHGURSV )LJE
)LEHUVZLWKDVPDOOGLDPHWHUZLWKUDUHGURSOHWVZHUHREWDLQHG
LQ()'QPDQGDSSUR[LPDWHO\DEVHQFHRIEHDGV
DQGGURSVZDVREVHUYHGLQ()'QP)LJFG

5. Discussion  

7KH FRPSDULVRQ RI WKH UHVXOWV VKRZV WKDW LQFUHDVLQJ WKH
YROWDJHDQGWKHGLVWDQFHWKHILEHUVGLDPHWHUGHFUHDVHV7DEOH
ZKLOH WKHRSSRVLWHHIIHFWDSSHDUV LQFUHDVLQJ WKH IORZUDWH
,QFUHDVLQJYROWDJHVJHQHUDOO\JHQHUDWHVDQ LQFUHDVHRI WKH MHW
FXUUHQWWKDWVWDELOL]HVWKHH[WHQWRIPDVVIORZIURPWKHWLSRI
WKH QHHGOH WR WKH FROOHFWRU >@ ,Q WKLV DQDO\VLV WKH FULWLFDO
YROWDJH IRU WKH HMHFWLRQRI WKH MHW LV OLPLWHGEHWZHHQ WR
N9 )URP EHDGV DQG VRPH ILODPHQWV WKH VWUXFWXUH EHFDPH
VWDELOL]HG DQG ILEURXV LQFUHDVLQJ WKH YROWDJH WR N9 /DUJH
GHSRVLWLRQ GLVWDQFHV HQDEOH FRPSOHWH VROYHQW HYDSRUDWLRQ
EHIRUH GHSRVLWLRQ DQG WKLV OHDGV WR GU\ ILEHUV RU URXQG
VSKHULFDO SDUWLFOHV %\ FRQWUDVW VKRUW GHSRVLWLRQ GLVWDQFHV
SURGXFH SRZGHUV DQG ZHW DQG IODW ILEHUV ,I WKH GHSRVLWLRQ
GLVWDQFH LV LQFUHDVHG WR ODUJH YDOXHV KRZHYHU WKH ILHOG
VWUHQJWK SHU XQLW OHQJWK GHFUHDVHV DQG WKLV FDQ FDXVH MHW
LQVWDELOLW\ LQWR ODUJH EHDGV 7KH IRUPDWLRQ RI WKH ILQDO
VWUXFWXUH LVGHWHUPLQHGE\DEDODQFHEHWZHHQVXUIDFH WHQVLRQ
DQGYLVFRHODVWLFIRUFHV7KHYLVFRVLW\RIWKHVROXWLRQLQFUHDVHV
ZLWKFRQFHQWUDWLRQWKXVWKHPDVVRI3&/GHSRVLWHGLQDJLYHQ
WLPHGHFUHDVHV
0RUHRYHU WKH NLQG RI VROYHQW XVHG LV GHFLVLYH IRU MHW
IRUPDWLRQ DQG ILEHU GHSRVLWLRQ 3UREDEO\ D VROYHQW WKDW
HYDSRUDWHV WRR IDVW FDXVHV WKH FRQFHQWUDWLRQRI D TXDQWLW\RI
3&/RQWKHWRSRIWKHQHHGOH7KLVHIIHFWFRXOGEORFNWKHIOX[
RIVROXWLRQIURPWKHQHHGOHDQGFDXVHDWRRZLGHGLVWULEXWLRQ
RI WKH ILEHUV%HVLGHV ILEHUPHUJLQJFDQRFFXU LI WKH VROYHQW
KDVQRWHYDSRUDWHGDWWKHSRLQWRIFRQWDFW>@:LWKWKHULJKW
VROYHQW WKH IOX[ FDQ EH FRQWUROOHG HDVLO\ DQG GLUHFWHG RQ D
VPDOOHUDUHDH[DFWO\EHORZWKHQHHGOH
7DEOH5HFDSRI$YHUDJH'LDPWHU$'REWDLQHGLQH[SHULPHQWDOWHVWV
3&/ 9N9 GPP )5POK 
 
)'QP
 
(     
(     
(     
(     
(     
(     
(     
(     
6. Conclusion and future trends 

7KH IRUPDWLRQ RI FRPELQDWLRQ RI EHDGV DQG ILEHUV GXULQJ
HOHFWURVSLQQLQJ LV IDLUO\ FRPPRQ DQG KDV EHHQ UHSRUWHG E\
VHYHUDO LQYHVWLJDWRUV $OWKRXJK WKH H[DFW UHDVRQV IRU EHDG
IRUPDWLRQDUHQRWFOHDU LWZDV VKRZQ WKDW WKHYLVFRHODVWLFLW\
RI WKH VROXWLRQ DQG FRQVHTXHQWO\ VXUIDFH WHQVLRQ RI WKH
VROXWLRQ DUH WKH NH\ IDFWRUV WKDW FRQWURO WKLV EHKDYLRU 6XFK
VWUXFWXUHV WRJHWKHU ZLWK SRURXV VWUXFWXUH SURGXFHG E\
HOHFWURVSLQQLQJ ZLWK KLJK UDWLR EHWZHHQ VXUIDFH DUHD DQG
YROXPH DUH LGHDOO\ XVHIXO LQ DSSOLFDWLRQV VXFK DV VFDIIROG
LPSODQWV DQG GUXJ GHOLYHU\ $OWKRXJK WKH HIIHFWV RI EDVLF
SURFHVV SDUDPHWHUV VXFK DV YROWDJH DSSOLHG VROXWLRQ
FRQFHQWUDWLRQ DQG GHSRVLWLRQ GLVWDQFH KDYH EHHQ VWXGLHG
GHHSO\ PDQ\ RI WKH EDVLF PHFKDQLVPV FRQWUROOLQJ VWUXFWXUH
IRUPDWLRQKDYHQRWEHHQFRPSOHWHO\XQGHUVWRRG
7KHIXWXUHUHVHDUFKZLOOEHRULHQWHGRQWKHH[WHQVLYHVWXG\
RIWKHRWKHUSDUDPHWHUVHIIHFWLQJWKLVSURFHVV3DUWLFXODUO\WKH
HIIHFWVRI YDU\LQJPDLQO\ IORZUDWHDQGQHHGOHGLDPHWHUZLOO
EH DQDO\]HG WRJHWKHU ZLWK WKH XVH RI GLIIHUHQW VROYHQWV DQG
SRO\PHU FRQFHQWUDWLRQV )XUWKHU FHOOXODU PLJUDWLRQ DQG
DGKHVLRQRQILEURXVVDPSOHVZLOOEHLQYHVWLJDWHGWRFKHFNWKH
TXDOLW\RIWKHSURGXFHGVFDIIROGVLQWHUPVRIFHOOJURZLQJ
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